Aims
In this analysis, we utilized data from PARADIGM-HF to test the hypothesis that participants who exhibited any dose reduction during the trial would have similar benefits from lower doses of sacubitril/valsartan relative to lower doses of enalapril. 
Methods and results
In a post-hoc analysis from PARADIGM-HF, we characterized patients by whether they received the maximal dose (200 mg sacubitril/valsartan or 10 mg enalapril twice daily) throughout the trial or had any dose reduction to lower doses (100/50/0 mg sacubitril/valsartan or 5/2.5/0 mg enalapril twice daily). The treatment effect for the primary outcome was estimated, stratified by dose level using time-updated Cox regression models. In the two treatment arms, participants with a dose reduction (43% of those randomized to enalapril and 42% of those randomized to sacubitril/valsartan) had similar baseline characteristics and similar baseline predictors of the need for dose reduction. In a time-updated analysis, any dose reduction was associated with a higher subsequent risk of the primary event [hazard ratio (HR) 2.5, 95% confidence interval (CI) 2.2-2.7]. However, the treatment benefit of sacubitril/valsartan over enalapril following a dose reduction was similar (HR 0.80, 95% CI 0.70-0.93, P < 0.001) to that observed in patients who had not experienced any dose reduction (HR 0.79, 95% CI 0.71-0.88, P < 0.001). 
Conclusions
In PARADIGM-HF, study medication dose reduction identified patients at higher risk of a major cardiovascular event. The magnitude of benefit for patients on lower doses of sacubitril/valsartan relative to those on lower doses of enalapril was similar to that of patients who remained on target doses of both drugs.
Introduction
In the Prospective Comparison of ARNI with ACEI to Determine Impact on Global Mortality and Morbidity in Heart Failure (PARADIGM-HF) trial, sacubitril/valsartan (LCZ696) reduced the risk of cardiovascular death and of heart failure hospitalization compared with enalapril in patients with chronic heart failure.
1
Sacubitril/valsartan, a complex containing the neprilysin inhibitor sacubitril and the ARB valsartan, augments endogenous compensatory vasoactive peptides by inhibiting their breakdown, and, in addition, blocks the renin-angiotensin system. 2 The active run-in phase ensured all patients were titrated to a target dose of enalapril 10 mg twice daily and then sacubitril/valsartan 200 mg twice daily before randomization. The majority of patients remained on target doses after randomization, with final mean achieved doses of 375 mg daily and 18.9 mg daily respectively.
1 Nevertheless, not all patients were maintained on target doses of study medication during long-term follow-up. Whether sacubitril/valsartan confers benefit at lower than target doses similar to those taking lower than target doses of enalapril is unknown.
We utilized data from PARADIGM-HF to test the hypothesis that participants who exhibited any dose reduction during the trial would have similar benefits from lower doses of sacubitril/valsartan relative to lower doses of enalapril.
Methods

Study design and patient selection
PARADIGM-HF was a double-blind, randomized, active controlled trial designed to assess the impact of the angiotensin receptor neprilysin inhibitor sacubitril/valsartan compared with enalapril on cardiovascular mortality and heart failure hospitalizations in patients with LVEF ≤40% and NYHA functional class II-IV heart failure. The protocol was approved at each participating site by an ethics committee or institutional review board. All participants provided written informed consent in accordance with established guidelines for the protection of human subjects.
Eligible subjects had at least mildly elevated natriuretic peptide levels and were treated with stable doses of ACE inhibitors or ARBs and beta-adrenergic receptor blockers for at least 4 weeks prior to trial enrolment. Patients with symptomatic hypotension, estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 , potassium concentration >5.2 mmol/L at screening, or history of angioedema were excluded. The study design and detailed inclusion and exclusion criteria have been previously reported. 3 Participants underwent sequential single-blind run-in phases with enalapril at a dose of at least 10 mg twice daily for 2 weeks, followed by sacubitril/valsartan, first dosed at 100 mg twice daily, then 200 mg twice daily for 4-6 weeks. They were then randomized to receive enalapril 10 mg twice daily or sacubitril/valsartan 200 mg twice daily, and were followed for a median duration of 27 months. During the double-blind phase of the study, investigators were allowed to down-titrate study drug to one of three lower study medication dose levels that corresponded to 100 mg sacubitril/valsartan twice daily or 5 mg enalapril twice daily (dose level 2), or 50 mg sacubitril/valsartan twice daily or 2.5 mg enalapril twice daily (dose level 1). 
Statistical analyses
Participants were categorized according to whether or not they received the target dose of study drug for the entire duration of the double-blind portion of follow-up. Baseline characteristics were compared between participants who experienced a study medication dose reduction vs. those who were maintained on target study medication doses throughout the duration of the study regardless of treatment assignment. Characteristics were also compared among participants with a dose reduction between treatment arms. Between-group assessments were performed using t-tests for continuous variables, and 2 or Fisher's exact tests, as appropriate, for categorical variables.
We constructed two time-updated covariates: the first time-updated covariate indicated any prior dose reduction, updated when a dose change occurred from the maximum dose to any other lower dose level, and was used to distinguish those patients with sustained maximum dosage from patients with any reduction in dose. The second time-updated covariate represented 'cumulative average' dose received, updated daily after randomization. Risk factors for the likelihood of receiving subtarget dosage at any point during follow-up were determined with a forward stepwise selection process using the following baseline characteristics: age, sex, geographic region, body mass index, NT-proBNP, EF, eGFR, NYHA functional class, history of diabetes mellitus, myocardial infarction, and use of ACE inhibitors or ARBs, beta-adrenergic blockers, mineralocorticoid receptor antagonists, and diuretics at screening. Potential interactions between predictors of dose reduction and treatment assignment were investigated by using a stepwise selection process separately for each treatment group. Treatment covariate interaction terms were created for all covariates found to be significant in either treatment arm, and interaction terms were considered to be significant if they could be added to the base model with a P-value <0.05. To investigate the relationship between dose reduction status and the effectiveness of sacubtril/valsartan compared with enalapril, the hazard ratio (HR) for sacubitril/valsartan relative to enalapril for the primary outcome was estimated, censored at dose reduction, and separately starting after dose reduction. A sensitivity analysis was performed to examine effectiveness of sacubitril/valsartan compared with enalapril that focused on events occurring at least 30 days following dose reduction. To investigate the relationship between study medication dose levels and the effectiveness of sacubitril/valsartan compared with enalapril, time-updated Cox proportional hazards regression models were used stratified by dose levels. We further assessed the occurrence of dose reduction by geographic region, and whether any differences were found in the treatment effect subsequent to dose reductions by region. A P-value of <0.05 was considered statistically significant. All analyses were completed using Stata, version 13 (StataCorp LP, College Station, TX, USA).
Results
Out of 8399 participants in the PARADIGM-HF trial, >99.9% in both arms achieved the target dose after randomization. In an intent to treat analysis, 43% of patients in the enalapril arm and 42% of patients in the sacubitril/valsartan arm reduced their dose at any time after randomization (P = 0.53). Median time to dose reduction was 255 days [interquartile range (IQR) 70, 516] for enalapril vs. 249 days (IQR 64, 506) for sacubitril/valsartan (P = 0.54). Of those with a dose reduction, 1332 (37.5%) subsequently returned to target study medication doses, and this occurred more frequently in patients randomized to sacubitril/valsartan than with enalapril (39.8% vs. 35.3%, P = 0.005). Individuals in both groups who experienced a dose reduction (Table 1) were older, had worse NYHA functional class, and higher serum creatinine levels and NT-proBNP concentrations at baseline. These participants were also more likely to be taking diuretics and have implantable cardioverter defibrillators or CRT devices. The frequency of dose reduction varied by region (Supplementary material online, Table S1 ), such that dose reductions were most frequently seen in North America and least observed in Asia. Among those with a dose reduction, there were no significant differences in baseline characteristics by treatment assignment ( Table 2) .
In a multivariable regression model, many significant predictors of dose reduction were identified, including: higher serum creatinine, geographic region (North America, Latin America, and Western Europe), higher NT-proBNP, higher heart rate, older age, and lower systolic blood pressure ( Table 3) . There was no significant misspecification (P = 0.12), and the associated area under the curve (AUC) was 0. one nominal interaction with randomized treatment was identified, in which history of myocardial infarction (MI) was a stronger predictor of dose reduction in the patients randomized to LCZ696 [odds ratio (OR) = 1.31] than in those randomized to enalapril (OR = 1.06, P for interaction = 0.021). In an analysis of 7156 study participants with available data of ACE inhibitor or ARB doses at the time of screening, there was no interaction between dose at screening and randomized treatment arm with respect to subsequent dose reduction (P for interaction = 0.26). Reasons reported by site investigators for dose reductions differed between the sacubitril/valsartan and enalapril arms, with hypotension responsible for more dose reductions among those taking sacubitril/valsartan, and cough more common in those randomized to enalapril ( Table 4) . A higher proportion of participants in the sacubitril/valsartan group compared with enalapril were re-up-titrated to target doses of study medication after down-titration for hypotension or hyperkalaemia. For cough, a similar proportion of participants were re-up-titrated in each treatment arm ( Table 4) . Any dose reduction, regardless of treatment assignment, was associated with a higher subsequent risk of the primary event [HR 2.5, 95% confidence interval (CI) 2.2-2.7; Figure 1] . When the primary outcome events were censored at the time of dose reduction, participants taking sacubitril/valsartan had fewer events relative to enalapril prior to dose reduction (HR 0.79, 95% CI 0.71-0.88; Figure 2A) . In a landmark analysis beginning at the time of dose reduction, we observed a similar magnitude of benefit (HR 0.80, 95% CI 0.70-0.93; Figure 2B ). Similar results were observed after adjustment for characteristics reported in When the risk for the primary outcome event was examined by cumulative mean dose level of study medications, those taking lower mean doses of sacubitril/valsartan had fewer events compared with participants taking lower mean doses of enalapril ( Figure 3 ). As such, the relative reduction in events with sacubitril/valsartan compared with enalapril did not differ according to the cumulative mean dose of study drug received (P for interaction = 0.99). Nearly identical results were found when the less than target doses of sacubitril/valsartan were compared with less than target doses of enalapril with respect to cardiovascular death alone.
Discussion
In patients with heart failure and reduced EF enrolled in the PARADIGM-HF study, we found that dose reductions were . frequent in both study medication groups, and that patients who required a dose reduction were at higher risk for major cardiovascular events than patients who did not have a dose reduction. Despite reducing the dose, the magnitude of benefit for patients on lower doses of sacubitril/valsartan relative to those on lower doses of enalapril was similar to that of patients who remained on target dose. These data suggest that patients with heart failure with reduced EF who are unable to tolerate target doses of sacubitril/valsartan or enalapril still benefit from lower doses of sacubitril/valsartan compared with lower doses of enalapril. The design of PARADIGM-HF, which included an active run-in phase, during which patients were titrated to target doses of each study medication, ensured that a higher proportion of patients remained on enalapril 10 mg twice daily than in any previous trial, and that patients in PARADIGM-HF attained the highest average dose of enalapril of any large trial. 4, 5 Nevertheless, dose reductions in PARADIGM-HF were frequent and were associated with a variety of patient characteristics. More advanced age, lower systolic blood pressure, more severe symptoms of heart failure, or greater renal impairment were more common among those who experienced a dose reduction, suggesting more significant disease burden or increased frailty, and these factors were similar between treatment arms, as was time to dose reduction. These findings are consistent with other studies that have reported that age and systolic blood pressure were predictors of failing to achieve target doses of neurohormonal blockers. 6 -9 In an analysis of the IMPROVE-HF study, characteristics associated with lower than target beta-blocker doses included older age, Caucasian heritage, lower systolic blood pressure, and an ischaemic heart failure aetiology. 6 Older adults with co-morbidities were less likely to achieve target doses of ACE inhibitors and beta-blockers in a retrospective cohort study of primary care practices in the UK. 10 We found that the benefit of sacubitril/valsartan relative to enalapril was maintained even at lower than target doses. In the Metoprolol CR/XL Randomized Intervention Trial in Heart failure (MERIT-HF), patients unable to achieve target doses of metoprolol had a higher event rate but a similar benefit from beta-blockade compared with patients who were successfully titrated to target doses. 11 In the Carvedilol Or Metoprolol European Trial (COMET) study, target doses of carvedilol and metoprolol tartrate were reached in 75% and 78% of participants, respectively. Failure to achieve target doses was associated with worse outcomes, but the benefit of carvedilol relative to metoprolol in lowering all-cause mortality was maintained at lower doses of beta-blocker. recommendations, less than half of patients are treated with target doses for both ACE inhibitors and beta-blockers. 9, 13 Thus, despite the very large number of patients achieving target doses in PARADIGM-HF, the number of patients who will achieve these targets in a real-world setting will probably be lower. Nevertheless, our data suggest that even if dose reduction is indicated, sacubitril/valsartan remains effective compared with enalapril at reducing the composite of cardiovascular death or heart failure hospitalizations.
This analysis was post-hoc and thus needs to be interpreted with caution. In particular, our comparison of patients who had dose reductions was a post-randomization comparison; yet it is noteworthy that the baseline characteristics of the patients who underwent a dose reduction in the two treatment arms were similar. Furthermore, in earlier studies exploring achieved dose, MERIT-HF and COMET, patients received subtarget doses of the study medication because they failed to be successfully up-titrated during the first few weeks of the trial, and, thus, such a failure may have been a reflection of patient frailty. In the PARADIGM-HF trial, only patients demonstrated to be able to tolerate target doses of the study medications could be randomized. Despite this, a substantial proportion of patients did require dose reductions following months of sustained treatment. Yet, the reasons for post-randomization dose reduction in patients taking sacubitril/valsartan or enalapril were similar to the reasons for intolerance of target doses of these drugs during the run-in period. If dose reduction resulted in any diminution of the advantage of sacubitril/valsartan over enalapril, we found no evidence for this in the patients studied in the PARADIGM-HF trial.
In conclusion, in patients with heart failure with reduced EF enrolled in the PARADIGM-HF trial, dose reductions of study medications were frequent, but the efficacy of sacubitril/valsartan relative to enalapril was maintained even among participants taking
